Frictional behavior of stainless steel cup against polyethylene head coated with dimethylacrylamide (DMAA) hydrogel was studied using a pendulum type friction tester. The friction coefficient of the pairs lubricated with Hyaluronic acid aq (HA) was as about 0.01, which is similar to that of living human hip or knee joint. The friction of the pair increased with loading time. When the coated head was immersed in the HA lubricant during an interval of repeated swing motions of the pendulum, the friction coefficient was above low value. The friction coefficient of the pair lubricated with a hydrophobic liquid (silicone oil) was as a high value of 0.4, close to the value without any lubricant. The friction coefficients of pairs lubricated with HA were not dependent on the load. The coefficients of friction lubricated with the biological factor (albumin, phospholipid) additive HA showed a little increase. Especially with albumin, the coefficient of friction increased with load. This behavior may be caused by the attachment albumin to hydrophilic high molecular chain by chemical adsorption. From these experimental observations, it is surmised that the low friction shown in coated PE head is caused by the formation of highly viscous zone through hydration of DMAA at the solid/liquid interface.
Introduction
The lubrication mechanism at low frictional area of the organism has not been clarified yet. Therefore, it is important to understand the low frictional lubrication mechanism of the organism cartilage surface for the lubrication property improvement of the future artificial joint. It is generally considered that the lubrication mechanism of the joint manifests low friction, since hydrodynamic lubrication is promoted by hydrous property of the cartilage. [1] [2] [3] However, it is difficult to consider the low friction by hydrodynamic lubrication in the condition (long-time standing condition) that a fluid film does not seem to exist in the cartilage surface.
Mabuchi et al. 4) reported that, when the friction coefficient rises, the gelled material on the cartilage surface is wiped. Even if joint synovia is administered, the friction coefficient does not lower. From this fact, we assumed that the gelled material was contributing for the lowering of the friction.
In our earlier reports, 5) we reported the gel on the cartilage surface is schematically shown in Fig. 1 . Collagen network exists so that the articular cartilages cover the epiphysis. Hyaluronic acid is extended from the collagen network.
Proteoglycan aggregate is extended like the foliage from the hyaluronic acid. We considered that the articular cartilage surface had been gelled by the hydration of hydrophilic proteoglycan aggregate in the joint synovia.
In this study, we assumed that the hydrogel (hydrate of the hydrophilic macromolecule chain) was a cause of low friction. Then, we evaluated the frictional property of hydrogel coated PE head (polyethylene head that hydrophilic polymer chain was chemically covered) by using the pendulum type friction tester.
Furthermore, we examined the load properties of hydrogel coated PE head and the frictional property of the hydrogel in adding biological factor to hyaluronic acid by using the pendulum type friction tester.
Method

Sample
The SUS316 of diameter of 38 mm was used for the cup, and high density polyethylene (PE) of diameter of 37:8 mm was used for the head. The diameter clearance was made to be 0.2 mm. A part of PE head was coated by benzophenone as a sensitizer. The photografting on the sensitizer-coated PE head was carried out using high pressure mercury lamp in 10 wt% Dimethylacrylamide monomer solution. 6, 7) Frictional surface was coated with hydrogel layer (hydrophilic polymer chain) by this method. Thickness of gel layer is about 10 mm.
8)
Lubricant
Lubricants were 1% hyaluronic acid (HA) aqueous solution (molecular weight: 900000, pH: 6.67), 10 wt% glycerin aqueous solution, distilled water, siloxane (0.4 Pc) and DMAA homopolymer. The DMAA homopolymer is made by the graft polymerization on the surface of polyethylene head. The DMAA homopolymer was used in order to examine how combination/non-binding of the hydrophilic macromolecule chain affected the friction. And, Siloxane was used in order to examine the effect of the dehydration of Figure 2 shows schematic drawings of the pendulum type friction tester, which is a method generally using for the frictional measurement of joints. It was assumed that the potential energy of pendulum center of gravity was spent in the friction heat energy with the sliding of friction surfaces, and the friction coefficient was obtained from the extinction curve of deflection angle as following. The amplitude attenuation of the pendulum was measured by the angle sensor, and recorded by pen recorder. In order to obtain the hydrodynamic lubrication from the initial stage, cup and sphere were tilted to the no contacting condition in 0.1 degrees. Subsequently the pendulum was made to oscillate from the above condition, in which a lubricating film between sphere and cup had not broken down.
The measurement method of the friction
In order to examine water content effect of the gel layer on the friction, the frictional coefficient of hydrogel was measured under continuous or intermittent load.
In case of continuous load condition, specimen was never lifted up during measurement. However, in case of intermittent load condition, polyethylene head was lifted every 1 measurement, the friction coefficient was measured after the gel layer fully contained water. Figure 3 shows extinction curves in rubbing untreated PE vs. SUS316 and the hydrogel coated PE vs. SUS316. The swing of pendulum immediately stopped, since the friction coefficient of untreated PE was high. But, Hydrogel coated PE showed the behavior different from untreated PE. The pendulum with hydrogel coated PE gently attenuated, and the swing of pendulum was maintained for a long time. The attenuation became the gentlest, when hyaluronic acid was used as the lubricant. The friction coefficient became lower value of about 0.01 or below. This result is very similar to the friction in rubbing ceramics ball vs. PVA cup. Figure 4 shows the relationship between swing frequency and friction coefficient by using the glycerin and hyaluronic acid. With decreasing the water from gel layer by the continuous measurement, the friction coefficient of the hydrogel rose gradually. But, when the water was made to soak sufficiently into gel layer by the interval, the friction coefficient of the hydrogel kept the low value. Table 1 shows the result of the friction coefficient measured using various lubricants. Friction coefficient of untreated PE was about 0.1 in all lubricants. In the contrary, the friction coefficient of hydrogel coated PE was high value (0.4) in the siloxane and without lubrication. Figure 5 shows extinction curve of the pendulum of each load in HA lubrication. The attenuation of the amplitude was gradually at all load. Figure 6 shows the relationship between friction coefficient and the load. The friction coefficient of the hydrogel coated PE was below 0.01 at all load. This attributed the low frictional coefficient of hydrogel coated PE to the hydrodynamic-lubrication phenomena. Figure 7 shows the effect of biological factors, which is included in joints. By the Albumin addition to hyaluronic acid, the friction coefficient became 0:015$0:018, and increased with increasing load. By the DPPC addition to hyaluronic acid, the friction coefficient became 0:008$ 0:012. Both lubricants showed a little increase in friction coefficient from plain hyaluronic acid aqueous solution.
Results
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Discussion
We assumed that the low frictional coefficient of hydrogel coated PE was due to the hydrodynamic lubricated phenomena. In brief, we considered that a fluid film was retained by firm liquid restrictive force of the hydrophilic macromolecule chain. In the case of continuous measurement, the friction coefficient rose with increasing in the number of measurement. It was indicated that water content in gel layer influenced the friction coefficient.
Also, it was noticed that increase of the friction coefficient was explained by the following reason: The lubricating liquid in the hydrogel layer was gradually pressed out by applying the load on the hydrogel. The water molecule was attracted by the hydrophilic macromolecule chains and remained in hydrogel layer. Hydrogel with the good hydrodynamic lubrication mechanism was considered to behave like a high viscous fluid, in other words a high-dense colloid gel. Therefore, the friction coefficient of hydrogel was increased with decreasing the water content in hydrogel layer, i.e. with increasing apparent viscosity. This is similar to the phenomenon of the joint. 9, 10) In the work carried out the pendulum test in the cadaver hip joint (Mabuchi et al.) , the friction coefficient was 0.005 after the load. However, the friction coefficient exceeded 0.1 in the load post-30 minute. The friction coefficient increased with the dependence on time course. As the result, friction Fig. 7 The effects of biological factor on Hydrogel-coated polyethylene.
Lubrication Properties of Hydrogel-Coated Polyethylene Headcoefficient of hydrogel coated PE was high value (0.4) in the siloxane and unlubricating. We assumed that it was strained without completely binding the siloxane in the hydrophilic macromolecule chain, and polymer chain contacted the cup like the no lubricated condition. We expected that the increase of the load pressed out the lubricant in gel layer early and the rise in the friction coefficient. However, the friction coefficient lowered with the increase of the load. With the load increase, the concave was formed by the elastic deformation of PE and gel layer. The EHL is promoted by the concave trapping the lubricant. To decrease the friction coefficient, the elastic deformation might have contributed.
Since the albumin and DPPC made chemisorption in the hydrophilic macromolecule chain, we guessed that the waterholding capacity of the gel decreased and the friction coefficient rose.
In order to verify this assumption, hydrogel coated PE was examined by measuring the friction coefficient in following order. (1) HA lubrication, (2) Albumin additive HA lubrication, (3) HA lubrication, after the sample is cleaned in the distilled water by ultrasonic wave. (The result is shown in Fig. 8 )
As a result, even if it was sufficiently washed, the friction coefficient, which rose with the albumin addition, did not return in low friction. It was indicated that the albumin made chemisorption in the hydrophilic macromolecule chain.
Conclusion
On the result of examining the frictional property of hydrogel coated PE by using pendulum type friction tester, the friction coefficient of the hydrogel was about 0.015 in the glycerin, and about 0.01 in HA. Even the increase in load or biological factor addition, the friction coefficient of the hydrogel is very low.
Hydrogel in which the hydrophilic macromolecule chain sufficiently hydrated showed a low frictional coefficient, which is similar to friction coefficient of the human joint. It is assumed that the EHL can be promoted by covering the hydrogel. In addition, the function is structurally similar to the articular cartilage.
The hydrogel coating is an effective method as clarification of lubrication mechanism of artificial joint and surface modification of artificial joint.
From these experimental facts, we considered that the low friction shown in hydrogel coated PE head is owing to a formation of high viscous zone. 
